Here we investigate if and how CaMKII isoforms reguSmith, 2002). We are investigating in this study the role late filopodia motility, dendritic branching, and synapse of CaMKII, a key synaptic signaling protein, in controlling formation in cultured hippocampal neurons. We found the motility, extension, and branching of dendrites in that inhibition of CaMKII led to a rapid reduction in motilhippocampal neurons.
ity of filopodia and small dendritic branches and a CaMKII is a unique neuronal signaling protein that longer-term decrease in the degree of dendritic arboricomprises 1%-2% of the protein in brain. It forms oligozation. Overexpression of CaMKII␤, but not the most mers of 12 subunits (Kolodziej et al., 2000). The enzyme prominent isoform CaMKII␣, increased the dendritic aris regulated by an intricate activation cascade that inborization by a mechanism that can again be suppressed by the same kinase inhibitor. Genetic knock- reduced dendritic arborization and synapse formation, whereas CaMKII␤ overexpression increased the number Results of synapses. Analysis of various CaMKII mutants showed that the critical requirement for inducing dendritic move-
Rapid Suppression of Neurite Motility and Extension by Inhibition of CaMKII ment and arbor extension is a direct binding of CaMKII␤ to polymerized actin. Indeed, in live neurons, actin and
To investigate the role of CaMKII in neurite extension and branching, we used serial confocal microscopy of CaMKII␤ are both colocalized and enriched at sites of maximal dendritic motility. Together, these data demonprimary cultured hippocampal neurons. Neurons, Ͻ5 days in vitro (div), were transfected with CFP constructs (Figstrate a new /CaM-actidrites had largely disappeared in response to the inhibivated enzyme, we also measured the effect of calmidazoltor. The difference images can be averaged over time ium on branch activity and found that this CaM inhibitor and converted to a pseudo-color scale. This allows visualso suppressed neurite motility ( Figure 2B ). alization and quantification of small movements within the different neuronal regions. The motility of filopodia Expression of CaMKII␤ but not CaMKII␣ were preferentially decreased at the periphery of the Increases Dendritic Arborization neuritic arbor following addition of KN-93 (Figure 2A ;
Our initial experiments focused on the immediate effect this is a lower magnification of the same neuron shown of CaMKII and implicated CaMKII as a critical mediator in Figure 1 ). Averaged activity changes are shown in for the motility of filopodia-like neurite branches. We Figure 2B in a bar diagram. then determined whether reducing neurite motility by The same reduction in motility was observed by meakinase inhibitors has a long-term effect on the fine archisuring the dynamics of individual filopodia. We meatecture of the dendritic arbor, particularly filopodia and sured both the net change in filopodia length during a small dendritic branches. In order to obtain a quantita-20 s interval and the sum of all extensions and retractive measure of dendritic arborization, we measured the tions. A marked difference could be observed in the perimeter of a neuron expressing a fluorescent protein extension and retraction rates after KN-93 addition as as marker ( Figure 3A ). Since we were interested in the shown in a histogram analysis in Figure 2C . While there degree of fine arborization and not overall dendritic was no significant overall change in filopodia length for length, a single high-magnification image was taken of the two conditions (control, Ϫ0.55 Ϯ 1.11 m; 10 M the dendritic arbor proximal to the soma. While this KN-93, Ϫ1.15 Ϯ 0.71 m), the sum of the extensions analysis does not differentiate between dendrites and and retractions in control filopodia was much greater axons, the majority of neurites imaged in the field of than that of filopodia in neurons treated with view are likely to be dendrites. The effect of CaMKII on (23.15 Ϯ 1.61 m versus 11.41 Ϯ 0.82 m; p Ͻ 0.001).
dendritic arborization was measured for young hippoIn addition to these effects on extension and retraction campal neurons (Ͻ5 div) that were treated for 24 hr rates, the number of times individual filopodia can been with KN-93. Untreated control cultures were used as a seen to be initiated or to completely retract from main reference; the average perimeter measurement for these branches significantly decreased in KN-93-treated neuyoung control neurons was 1032 Ϯ 508 m (mean Ϯ rons ( Figure 2D ) (p Ͻ 0.01). SD; n ϭ 90). The relative changes in branching are shown As an important control to understand the action of in Figure 3B for increasing concentrations of KN-93. A KN-93, we determined whether we could remove the drug dose-dependent decrease in the branch perimeter was to regain filopodia and fine branch motility. As expected observed, with 10 M KN-93 causing a 60% decrease from a reversible kinase inhibitor, the washout of KN-93 of the perimeter. Treatment of neurons with KN-92, an led to a recovery of most of the motility ( Figure 2B Figure 3C ). In contrast, when we expressed the CaMKII␤ isoform, we found a size enabled us to perform a classical competition experiment. Since KN-93 is a competitive CaMKII inhibitor, striking increase in dendritic arborization. This indicated that CaMKII-based regulation of dendritic branching is its inhibitory effect on dendritic branching should be overcome by expression of more CaMKII␤ and, at much limiting and isoform specific.
The positive effect of CaMKII␤ expression and the higher drug concentration, such a competition should fail. Figure 3D shows that expression of CaMKII␤ can negative effect of KN-93 inhibition on the dendritic arbor and neurite branching, we tested the effect of several What is the mechanism underlying the isoform specificCaMKII mutants. A chimeric GFP-CaMKII construct was ity of the morphogenic CaMKII activity in neurons, espemade, consisting of GFP-CaMKII␣ catalytic, regulatory, cially in light of the similar broad substrate specificity and oligomerization domains but with the short variof CaMKII␣ and ␤? As described previously (Shen and able region of CaMKII␤ inserted between the regulatory Meyer, 1999), GFP-labeled CaMKII␣ is largely cytosolic and the oligomerization domain ( Figure 7A ). When this when expressed in hippocampal neurons, whereas CaMKII␣/␤ chimera was expressed in neurons, it had a CaMKII␤ shows a cortical actin localization ( Figure 5A) . partial actin localization ( Figure 7B ) that was less proThese earlier studies also indicated that a direct interacnounced when compared to CaMKII␤ (see Figure 5A , tion of CaMKII␤ with F-actin is involved in this subcelluright). Consistent with the hypothesis that actin localizalar distribution. In order to examine the possible interaction is key to functional specificity, the chimeric CaMKII␣ tion of CaMKII with F-actin in more detail, we performed now induced a significant increase in the size of the biochemical binding assays using purified proteins (Figdendritic arbor (Figure 7C ). The increase mediated by ure 5B). Indeed, purified CaMKII␤ but not CaMKII␣ the chimera was less pronounced than for CaMKII␤ and bound to polymerized actin. This interaction was disis thus well correlated with the degree of actin localrupted by Ca Figure 6A , there is near complete overlap within contrast, the K43R mutant has a negative effect on dethe sites in the dendritic arbor that have enriched actin gree of arborization. This mutant has a similar localizaand the sites that have enriched CaMKII␤. An analysis tion as wild-type (data not shown), and thus would likely of neurite motility and extension showed a marked corcompete with endogenous CaMKII rather than anchorrelation between the sites where CaMKII␤ and actin are ing it, thereby causing a dominant-negative effect. enriched and the sites where neurite movement and Finally, we tested the doubly inactivating mutant extension occurs (Figures 6B and 6C) . Thus, CaMKII␤ A303R/K43R, which has an enhanced actin binding but is in the best possible position to locally regulate neurite a reduced Ca 2ϩ /CaM binding as well as an inactivated extension and branching. kinase catalytic site. The effect of this double mutant In experiments in which actin was rapidly depolymerwas intermediate, showing a significant increase in denized using cytochalasin-D (10 M), a marked suppresdritic arborization, but not as pronounced as observed sion of actin-labeled dendritic motility was observed for wild-type or the A303R mutant. Thus, the negative that had the same kinetics as addition of CaMKII inhibieffect of the inactive K43R mutant can be "rescued" tors ( Figure 6D ). This similar kinetics is consistent with by a mutation that leads to stronger actin association. a direct role of CaMKII in regulating actin polymerization.
Furthermore, this also implies that the pronounced posiInterestingly, only a strong Ca 2ϩ stimulus, either by glutive effect of the A303R mutant is in part due to increased tamate or ionomycin, but not the partial depolymerization induced by cytocholasin-D, did lead to a loss in targeting of endogenous wild-type CaMKII. CaMKII constructs, and genetic knockdown using RNAi showed that CaMKII␤ activity is a limiting factor for ity. Our study shows that the ␤ but not the ␣ isoform of CaMKII enhances filopodia extensions and dendritic dendritic motility and branching. In addition, we found that targeting of CaMKII␤ to F-actin is critical for this motility. In developing hippocampal neurons, this CaMKII␤ activity promotes arborization of the dendritic tree. activity, explaining that only the actin-localized CaMKII␤ but not CaMKII␣ is capable of mediating this morphologIn mature neurons, CaMKII␤ still has a strong morphogenic effect, but now promotes dendritic remodeling ical activity. A strong argument that CaMKII␤ has a direct role in rather than overall arborization. Consistent with the hypothesis that filpodia extension and motility are key proregulating dendritic morphology is the near immediate effect that CaMKII inhibition has on filopodia extension cesses required for synapse formation, our study showed that CaMKII␤ significantly increased the number of synand motility in developing and adult neurons. Such a direct link is further supported by the observed marked apses when expressed ‫-4ف‬fold above wild-type and enrichment of CaMKII␤ at the sites where filopodia ex-(Ikebe and Reardon, 1990) suggests that CaMKII␤'s role in cytoskeletal restructuring may involve phosphorylatension occurs. We show that this enrichment is the result of CaMKII␤ binding to polymerized actin that is tion of multiple targets. present at these same initiation sites, indicating that CaMKII␤ takes part in the positive feedback process Molecular Mechanisms of CaMKII␤ Activation CaMKII␣ and ␤ have a similar and broad substrate selecfor filopodia extension. While the list of the potential effectors of CaMKII␤ includes regulators of the small tivity when tested in in vitro assays (Braun and Schulman, 1995). We found in this study that localization of GTPase family and other targets, the large number of known actin-related proteins that interact with CaMKII CaMKII activity to the actin cytoskeleton is the main reason why CaMKII␤ and not CaMKII␣ is regulating such as ␣-actinin (Walikonis et al., 2001 ) and caldesmon dendritic morphology. Indeed, when we inserted a short roles of CaMKII␣ and CaMKII␤ but also their activation signals are markedly different. CaMKII␤-specific part of the variable region into CaMKII␣, it conferred a partial actin colocalization to These differential roles of the two CaMKII isoforms suggest that different levels of expression of these isothis chimeric enzyme that was paralleled by a partial effect on the dendritic morphology. The importance of forms lead either to a strengthening of the synapse if CaMKII␣ function dominates or filopodia extension and targeting is further highlighted by the fact that the morphogenic effect of various CaMKII␤ mutants was more synapse formation if CaMKII␤ dominates. Consistent with a homeostatic role of this dually regulated mechastrongly correlated with the degree of actin localization than with activity. The specificity between CaMKII isonism, the ␣/␤ ratio was found to change by ‫-5ف‬fold depending on the stimulation state of a hippocampal forms is therefore a result of differential subcellular localization and not of differential substrate specificity.
neuron ( 
/CaM
One can also predict a second plausible mechanism by which the relative ratio of expressed CaMKII␣ and ␤ should activate the enzyme while it is still bound to actin, suggesting that actin-localized proteins are preferential can control neuronal plasticity. thresholding was first applied to the images of the transfected neuron. In the masked image, the perimeter of the neuron within the Experimental Procedures field was then calculated. A full field of view was centered on the soma for all measurements (taken with a 63X/1.2 NA Zeiss PlanCell Culture and Transfection apo objective; zoom 1). The change in branching (%) was calculated Hippocampal neurons were obtained from 1-to 2-day-old postnatal relative to GFP controls transfected and imaged on the same day. rats and cultured as described in Shen and Meyer (1999) . Neurons were transfected at ages ranging from 1 to 10 days in vitro, and Motility Analysis imaged at least 6 hr and in some occasions several days later.
To EGTA (1.2 mM; for autonomous activity) and incubated for 1 min at Construction and characterization GFP-tagged constructs of wild-30ЊC. The reactions were spotted onto phospho-cellulose paper, type and mutant CaMKII ␣ and ␤ isoforms, CFP, and YFP-Actin the unincorporated radioactivity was removed by a 30-45 min rinse, have been previous described (Shen et al., 1998 (Shen et al., , 2000 Shen and and 32 P incorporation into the peptide substrate was determined in Meyer, 1999). To construct the ␣/␤ chimera, the variable region of a scintillation counter. To assess phosphorylation of kinase and CaMKII␤ (1007-1226 nucleotides) was amplified by PCR and inactin, the reaction mixes (in this case without AC3 substrate) were serted in place of the variable region of CaMKII␣ (983-1013 nucleoseparated on an SDS-gel and subjected to autoradiography. tides). The entire chimera was amplified by PCR and cloned into the Clontech C1 vector. CFP-GPI was generously provided by Dr. P. Keller, PSD95-YFP by Dr. Thierry Galvez, and CFP-Lyn by Dr. Acknowledgments Marc Fivaz.
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